Preparation procedures and thermionic emission properties of graphitic carbon nanofibres (GCNFs) supported on Si wafer or commercial carbon felt supports are reported. GCNF/native-oxide Si wafer, GCNF/oxidized Si wafer, GCNF/Ni-coated Si wafer and GCNF/carbon felt nanocomposites are obtained by growing GCNFs from growth catalyst nanoparticles supported on these supports. Narrow herringbone GCNF/SiO 2 /carbon felt mats are prepared from growth catalyst nanoparticles supported on fumed silica flakes. Due to weak GCNF-to-support binding in GCNF/Si wafer mats, GCNF/carbon felt mats and GCNF/SiO 2 /carbon felt mats, mechanical loss of the GCNF component is facile. However, carbothermal reduction of GCNF/SiO 2 /carbon felt nanocomposites affords mechanically robust GCNF/SiC/carbon felt mats. Thermionic electron energy distribution profiles recorded for these new nanofibre compositions indicate classic free-electron emission with estimated work functions (4.25-4.91 eV) slightly lower than those observed for un-doped graphite or carbon nanotubes. Electron energy distributions along the low energy leading region of the profiles display a cascade of emission peaks equally spaced by ca 0.014 eV, tentatively attributed to electron emission from localized GCNF edge sites.
Introduction
Thermionic electron emission converts heat into direct electrical current and has been used to produce electron beams for scientific instrumentation and direct current from directenergy conversion [1] . Thermionic power generation has many attractive qualities, including scalability, high reliability, high current density and power density, and silent vibrationfree operation [2] . However, the requirement of operation at high temperature, due to the high work functions of typical thermionic emitter materials, has limited its general usefulness. 4 Present address: Global Research Center, General Electric, Niskayuna, NY 12309, USA. 5 Author to whom any correspondence should be addressed.
Carbon nanofibres and nanotubes are promising electron emitters, due to their large aspect ratio, chemical inertness, and specific electronic properties. Work functions of undoped carbon nanotubes determined by thermionic emission, field emission, photoelectron emission spectroscopy or contact potential difference range from 4.54 to 4.64 eV [3] [4] [5] .
Determining work functions of graphitic carbon nanofibres (GCNFs) is of interest given their ease of preparation, structural variety and nanoscale dimensions. It is known that polymer nanofibres are mainly produced using the electrospinning process [6] , while carbon nanofibres are predominantly grown by the floating catalyst method [7] . Using known synthesis procedures specifying growth catalyst nanoparticle composition, carbonaceous gas and nanofibre growth temperature, GCNFs can be formed with graphene layers stacked perpendicular (PE; also described as 'platelet', figure 1(a)) or parallel (PA; also described as 'ribbon', figure 1(b)) to the long fibre axis or as nested, canted layers (also described as nested 'Dixie cup' conical layers) forming a herringbone stacking structure [7, 8] . GCNF length is controlled by changing the nanofibre growth period, while the nanofibre diameter is tailored by the size of the growth catalyst particles [9] . Previous studies reported the catalytic growth of narrow herringbone GCNFs (NH-GCNFs) with diameters of 15-30 nm (figure 1(c)) using Fe 2 Ni 8 metal catalysts supported on high-surface-area fumed silica flakes [9] , and of wide herringbone GCNFs (WHGCNFs) with diameters of 100-200 nm (figures 1(d) and (e)) using Fe 7 Cu 3 alloy catalysts [10] .
As part of a systematic study of thermionic electron emission properties of graphitic carbon nanofibre materials [1] , we now report the preparation and thermionic electron emission properties of graphitic carbon nanofibres having PE, PA, WH or NH structures grown on either silicon wafer or carbon felt substrates. These new GCNF materials have matlike macroscale geometry more amenable to potential electron emission applications than nanofibre powders or pellets [1] .
Experimental section

General procedures
Three types of silicon wafers were used in this study; asreceived silicon wafers, containing a monolayer of silicon oxide (wafer 1), oxidized silicon wafers containing a 100 nm thick film of silica (wafer 2), both purchased from University Wafer, Inc., and, nickel-coated silicon wafers having a nickel layer of 15 nm thickness (wafer 3), obtained by exposing as-purchased silicon wafers to a nickel-atom beam for 30 s. Carbon felt was purchased from Alfa Aesar as a felt pad of dimensions 100 mm × 100 mm × 3.18 mm. The pad was cut into small pieces of 10 mm × 10 mm for the individual experiments reported in this study.
Supported GCNF samples were examined on a Hitachi S-4200 field-emission scanning electron microscope (FE-SEM) with an accelerating voltage at 5 kV. All wafer samples were sputtered with gold for 20 s using a sputter coater (Pelco Model 3) to form a conductive layer for SEM observations. The structures of GCNF samples were identified on a Philips CM-20T transmission electron microscope (TEM) operating at 200 kV. X-ray diffraction (XRD) scans were obtained using a Scintag X 1 θ/θ automated powder x-ray diffractometer equipped with a Cu target, a Peltier-cooled solid-state detector and a zero-background Si (510) support. Thermionic electron energy distributions (TEEDs) were measured with a hemispherical energy analyser (SPECSPhoibos 100 SCD) having an energy resolution of 0.007 eV as published earlier [1] . The energy analyser was connected to a vacuum chamber with a pressure of ca 10 −8 Torr. Sample temperature was measured by a Williamson infrared pyrometer (Fiberview 5000 Series) installed in the vacuum chamber. Each reported TEED profile was the result of at least ten scans across the energy range 3.5-6.0 eV in immediate sequence. When a sample was tested at different temperatures, the thermionic electron energy distributions were measured in succession without intermittent cooling. Values of peak energy at maximum intensity (E max ) and full width at half-maximum (FWHM) were recorded from TEED profiles, and then work functions were calculated from peak energy data as reported previously [11] .
Preparation of GCNF/silicon wafer nanocomposites
Iron-copper catalyst precursor powder with a Fe:Cu atomic ratio of 7:3 was prepared by co-precipitation of the corresponding metal nitrate solutions with ammonium bicarbonate as reported previously [10] . The precipitate was dried in an oven at 110
• C for 18 h and ground into a fine powder. Then, 20 mg of catalyst precursor powder was dispersed in 2 ml of hexamethyl disilazane (Me 3 Si-N(H)-SiMe 3 , Aldrich) using lowpower sonication for 10 min. An as-purchased silicon wafer (wafer 1, diameter of 2 in.) was carefully put onto the vacuum chuck of a spin coater (Chemat Technology KWH-4A). A few drops of pure hexamethyl disilazane were dropped onto the silicon wafer during spinning at 3500 rpm to form a liquid thin film. The above dispersion of iron-copper catalyst precursor powder in hexamethyl disilazane was then slowly dropped onto the spinning silicon wafer and spinning was continued for 20 s. The wafer was removed from the spin coater and placed onto a heating plate for 5 min to evaporate the liquid component. The resulting powder-coated Si wafer was cut into small pieces (10 mm × 10 mm) with a diamond scriber.
Small pieces of powder-coated silicon wafers were put into a quartz boat in a horizontal tube furnace. The catalyst precursor was converted into Fe 7 Cu 3 alloy by calcining in air at 400
• C for 4 h followed by reduction in a H 2 /He flow (50 and (table 1) .
Following a similar procedure, GCNFs with perpendicular (PE) and parallel (PA) stacking structures were grown on the surface of as-purchased silicon wafers (wafer 1) with the same Fe 7 Cu 3 catalyst but using carbon monoxide as the carboncontaining source gas [8] . The former (sample 7 in table 1) was prepared at 600
• C for 30 min, while the latter (sample 8 in table 1) was formed at 700
• C for 30 min. Wide herringbone GCNFs were also grown on surfaceoxidized (wafer 2) and nickel-coated silicon wafers (wafer 3) following the same procedure as used for sample 3. These products are numbered as samples 9 and 10 (table 1), respectively.
Preparation of GCNF/carbon felt nanocomposites
2.3.1.
NH-GCNF/SiO 2 /carbon felt, 12. 10 mg of Fe 2 Ni 8 /silica catalyst precursor, prepared as reported earlier [9] , was dispersed in 1 ml of ethanol using low-power sonication for 5 min. The dispersion was dropped onto small pieces of as-purchased carbon felt (sample 11 in table 1) and then dried at 110
• C for 18 h. After transferring into a tube furnace, the catalyst precursor was calcined in air at 400
• C for 4 h, reduced in H 2 /He flow (50:200 ml min −1 ) at 350
• C for 20 h and then at 600
• C for 2 h. NH-GCNFs were grown on the surface of carbon felt fibres by introducing carbon monoxide at a flow rate of CO:H 2 :He = 200:50:50 ml min −1 at 600 • C for 10 h. The resulting NH-GCNF/SiO 2 /carbon felt sample, 12, was cooled to room temperature under helium.
Acid-etched NH-GCNF/SiO 2 /carbon felt, 13 and 14.
A piece of sample 12 was soaked in HCl solution (6.3 ml of ethanol and 28.7 ml of concentrated hydrochloric acid) for 24 h and was washed with ethanol/water (volume ratio of 1:1) until washings had a neutral pH. Then the sample was washed with ethanol and dried under vacuum at room temperature to yield the HCl-etched NH-GCNF/SiO 2 /carbon felt sample, 13. Another piece of sample 12 was soaked in HF solution (22.3 ml of ethanol and 12.7 ml of concentrated hydrofluoric acid) for 24 h and was washed with ethanol/water (volume ratio of 1:1) until washings had a neutral pH. Then the sample was washed with ethanol and dried under vacuum at room temperature to yield the HF-etched NH-GCNF/SiO 2 /carbon felt sample, 14.
NH-GCNF/SiC/carbon felt, 15.
A piece of NH-GCNF/SiO 2 /carbon felt sample, 12, was placed into a graphite furnace (Oxy-Gon Industries). The furnace atmosphere was reduced to a pressure of 2.0 × 10 −5 Torr and heated at 300 • C for 10 min. Then the furnace was filled with high purity of Ar (99.9999%) and heated to 1650
• C for 30 min to effect carbothermal reduction and yield NH-GCNF/SiC/carbon felt sample, 15.
Acid-etched NH-GCNF/SiC/carbon felt, 16 and 17.
An NH-GCNF/SiC/carbon sample, 15, was etched with aqueous HCl or HF following the same procedures as those given for samples 13 and 14 to afford the HCl-etched NH-GCNF/SiC/carbon felt sample, 16 and HF-etched NH-GCNF/SiC/carbon felt sample, 17. 18 . Fe 7 Cu 3 catalyst precursor powders, used as above for samples 1-10 [10] , were deposited onto small pieces of as-received carbon felt as described above for sample 12. Wide herringbone GCNFs were grown on the carbon felt support by catalytically decomposing ethylene at 600
WH-GCNF/carbon felt,
• C for 10 h [10] affording WH-GCNF/carbon felt sample, 18. 
Results and discussion
Synthesis of GCNF/silicon wafer and GCNF/carbon felt nanocomposites
Growth of GCNFs on silicon wafers (GCNF/Si wafer samples 1-10).
Wide herringbone GCNF/native oxide Si wafer (samples 1-6); perpendicular GCNF/native oxide Si wafer (sample 7); parallel GCNF/native oxide Si wafer (sample 8); wide herringbone GCNF/oxidized Si wafer (sample 9) and wide herringbone GCNF/Ni-coated Si wafer (sample 10) mats have been prepared by growing GCNFs from the appropriate Si-wafer-supported growth catalysts (see table 1 ).
SEM images (figure 2) of wide herringbone GCNF/nativeoxide Si wafer mats prepared with nanofibre growth periods of 3, 8, 12, 15, 30 or 90 min (samples 1-6) contain GCNFs of increasing length affording GCNF mats of greater thickness. GCNF mats grown for 3 min ( figure 2(a) ) or for 8 min ( figure 2(b) ) contain individual nanofibres having diameters of 100-200 nm and lengths of 500-1000 nm. Residual growth catalyst nanoparticles, seen as bright spots at the ends of GCNFs, have diameters comparable to nanofibre diameters and indicate that these nanofibres are likely formed via a 'floating catalyst' growth mechanism [8] . With a growth period of 12 min (figure 2(c)) significantly longer intertwined nanofibres are formed as a low-density mat. Growth times of 15 min ( figure 2(d) ) or 30 min (figure 2(e)) give long, interwoven nanofibres covering the Si wafer surface. Due to weak van der Waals binding at GCNF/Si wafer interfaces, mats 1-6 are not mechanically stable toward detachment of GCNF nanofibres. With a growth period of 90 min (figure 2(f)) even more massive nanofibres are produced and nanofibre detachment occurs during normal handling of the sample. GCNF/silicon wafer nanocomposite samples having different GCNF structures and different silicon wafer surface coatings have been prepared and shown in figure 3 . Figure 3(a) shows the SEM image of sample 7, PE-GCNF/wafer 2, in which perpendicular GCNFs (PE-GCNFs) were grown on a native-oxide Si wafer by decomposing CO at 600
• C for 30 min. Figure 3(b) reveals the SEM image of sample 8, PA-GCNF/wafer 2, in which parallel GCNFs (PA-GCNFs) were grown on a native-oxide Si wafer by decomposing CO at 700
• C for 30 min. Moreover, figure 3(c) exhibits the SEM image of sample 9, WH-GCNFs on an oxide-coated wafer (wafer 2), while figure 3(d) reveals the SEM image of sample 10, WH-GCNFs on a Ni-coated wafer (wafer 3). Both samples were prepared by decomposing C 2 H 4 at 600
• C for 12 min. Weak GCNF/Si wafer binding is also present in these samples, resulting in facile mechanical detachment of the nanofibre component. [12] [13] [14] [15] [16] [17] [18] . Commercial carbon felt is a pliable, cloth-like material used as a high-temperature insulator, composite additive, electrode material, chemical adsorbent and catalyst support [12] [13] [14] [15] . SEM images of as-received carbon felt (denoted as sample 11; figures 4(a) and (b)) reveal an interwoven matrix of microscale amorphous carbon fibres having smooth surfaces and diameters of 15-20 μm.
Synthesis of GCNFs on carbon felt substrates (samples
Narrow herringbone GCNF/SiO 2 /carbon felt composites, sample 12, are formed when GCNF growth occurs from very small growth catalyst nanoparticles formed on highsurface area fumed silica flakes supported on carbon felt fibres. The average diameter of these nanofibres is 15-30 nm. SEM images, figures 4(c) and (d), of sample 12 reveal a nearly uniform mat of nanofibres coating the carbon felt microscale fibre surfaces. Weak binding at the GCNF/SiO 2 and SiO 2 /carbon felt interfaces promotes facile loss of the GCNF component. Washing sample 12 with aqueous HCl solution to remove residual growth catalyst leads to noticeable loss of nanofibres (see the SEM image of sample 13, figure 4(e) ). A remnant GCNF component survives HCl etching probably due to fibre-fibre entrapment. Treating However, when as-prepared NH-GCNF/SiO 2 /carbon felt composite, 12, is heated to 1650
• C under high purity of Ar, in situ carbothermal reduction occurs at both carbon/silica interfaces, chemically transforming the intervening fumed silica phase to SiC [16] and giving a GCNF/SiC/carbon felt hybrid composite (sample 15). In situ formation of the SiC phase effectively 'spot welds' nanofibres to carbon felt surface sites due to the tight binding present at carbon/SiC interfaces. Hybrid composite 15 is now mechanically robust and can survive mechanical rubbing and acid washing without incurring noticeable GCNF loss. The SEM image of sample Wide herringbone GCNF/carbon felt mats have also been prepared (sample 18). SEM micrograph of this sample, figure 4(j), shows wide GCNFs (diameters of 100-200 nm) loosely wrapping around carbon felt fibres. The resulting GCNF layer thickness is ca 5-10 μm.
XRD scans of GCNF/carbon felt materials
The x-ray diffraction (XRD) scan of as-received carbon felt 11, figure 5(a), displays three broad peaks centred at 25.4
• , 44.2
• and 79.6
• in 2θ assigned to amorphous scattering from the (002), (101) and (110) planes of graphite. The diffraction scan of NH-GCNF/SiO 2 /carbon felt composite 12, figure 5(b) , shows no significant difference. Amorphous scattering from the fumed silica phase present in sample 12 is not observed due to its poor crystallinity.
However, the XRD scan of the NH-GCNF/SiC/carbon felt hybrid composite 15, figure 5(c) , reveals three additional diffraction peaks centred at 35.8
• , 60.4
• and 72.2
• in 2θ assigned, respectively, to the (111), (220) and (311) reflections of cubic 3C-SiC formed by carbothermal reduction of the silica phase present in composite 12 [16] . These diffraction peaks are relatively narrow due to the formation of crystalline SiC. Following HF etching, the XRD scan of NH-GCNF/SiC/carbon felt hybrid composite 17, figure 5(d) , shows no significant change in the SiC diffraction pattern, consistent with the retention of SiC. the Si wafer supports used in this study, only GCNF/nativeoxide-coated Si wafer samples 2, 5 and 8 could be evaluated for thermionic emission. Thermionic total electron energy distribution (TEED) spectra for these samples at specified temperatures are displayed in figure 6 . A tabulation of the thermionic emission properties is provided in table 2.
Thermionic emission properties of supported GCNFs
Thermionic emission properties of GCNF/silicon wafer samples. Due to facile mechanical loss of GCNFs from
The TEED spectrum of sample 2 containing relatively short GCNFs is shown in figure 6(a) . The estimated work function for this sample is 4.25 eV, slightly lower than that reported for un-doped graphite (4.60 eV) [2] or carbon nanotubes (4.54-4.64 eV) [5] . Diminishing intensity on the high-energy trailing edge is attributed to a decrease in the number of available electron energy states, as expected from Fermi-Dirac statistics. An interesting feature evident in the low-energy leading edge region of this spectrum is a cascade of emission peaks to higher energy spaced by a E value of ca 0.014 eV, as shown in figure 6(b) . While the assignment of this fine structure requires additional study, recent highresolution angle-resolved photoemission spectra of graphite confirm electron photoemission from defect-induced localized sites having E − E F values of ca 0.014 eV [17] . In addition, recent scanning tunnelling microscopic studies of hydrogenterminated graphite confirm the formation of zigzag edge sites having electron energies, E − E F , of ca 0.03 eV [18] . Experimental observation of zigzag graphite edge sites has been predicted by theoretical studies [19, 20] . We speculate that this emission cascade occurs from similar localized sites within these graphitic carbon nanofibres. Such a prominent display of defect-electron emission in sample 2 is attributed to the high surface-to-mass ratio of GCNFs, affording relatively high edge-site areal densities.
TEED curves of wide-herringbone GCNF/native-oxide Si wafer, sample 5, and of parallel GCNF/native-oxide Si wafer, sample 8, are shown in figures 6(c) and (d). Both samples are [22] . In the present work, these effects were minimized by reducing electron slit and iris settings as much as possible while maintaining sufficient signal-to-noise ratios for a given sample and temperature. • C were determined to be 4.37 and 4.42 eV, respectively, slightly below this range, but upon heating to higher temperatures, their work functions increase moderately. A similar temperature effect has been observed for hydrogen-terminated nanocrystalline diamond [11] , in which an increase in work function occurred at the same temperature range. This change was attributed to hydrogen desorption, as evidenced by a subsequent reduction in work function after exposure of the sample to a hydrogen plasma. Given the presence of hydrogen in the GCNF synthesis process described above, a similar hydrogen desorption phenomenon is likely to be responsible for this effect in the present study. Measured FWHM values estimated from these TEED curves are consistent with those predicted from free-electron theory. 
Conclusions
GCNF mats can be grown from surface-deposited growth catalyst nanoparticles on a variety of silicon wafer or commercial carbon felt substrates. GCNFs can be grown with different graphene stacking structures, average width and length. GCNF/Si wafer and GCNF/SiO 2 /carbon felt mats have weak nanofibre/support interactions leading to facile loss of the nanofibre component. Carbothermal reduction of GCNF/SiO 2 /carbon felt composites gives GCNF/SiC/carbon felt hybrid nanocomposites that are mechanically robust and inert to aqueous HCl or HF etching.
In situ carboninitiated reduction of SiO 2 to SiC at both carbon/SiO 2 interfaces effectively 'spot welds' nanofibres to the carbon felt support. Thermionic emission energy distributions of carbon felt samples are consistent with a free-electron emission mechanism. Estimated work functions of 4.25-4.91 eV for GCNF/Si wafer mat-like composites and of 4.37-4.69 eV for GCNF/carbon felt nanocomposites are slightly lower than work functions reported for un-doped graphite and carbon nanotubes and exhibit little dependence on either GCNF structure or nanofibre length. Electron energy distributions of herringbone GCNF/Si wafer samples show fine structure near the leading edge with energy spacings of ca 0.014 eV. Electron emission from localized carbon edge sites is postulated and an increase in work function at elevated temperature is consistent with prior observations of hydrogen desorption from nanocrystalline diamond surfaces.
